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MULTIPLEXED NANOSCALE 
ELECTROCHEMICAL SENSORS FOR 

MULTI-ANALYTE DETECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims bene?t of US. Provisional 
Application 60/ 888,375, ?led on Feb. 6, 2007, the entirety of 
Which is incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] The disclosed invention relates to the ?eld of elec 
trochemical sensors. The present invention also relates to the 
?eld of microscale devices. 

BACKGROUND OF THE INVENTION 

[0003] Various scienti?c and patent publications are 
referred to herein. Each is incorporated by reference in its 
entirety. 
[0004] To monitor the health of patients, identify infectious 
diseases, screen for cancer, and monitor the safety of Water 
and food supplies, it is often desirable or even necessary to 
concurrently detect and measure the concentrations of mul 
tiple analytes in a given sample. Such analytes can include 
various chemicals, proteins, viruses, DNA, RNA, cells, bac 
teria, antibodies, and other biological and non-biological 
markers. 
[0005] It is known that accurate and reliable biomarker 
based cancer screening requires the concurrent quanti?cation 
of multiple proteins, and, in certain cases, can entail the 
establishment of a gene pro?le of cancer and pre-cancer cells. 
In the latter case, one takes advantage of the fact that precan 
cerous and cancerous cells exhibit a change in the transcrip 
tion levels of many genes. Accordingly, the detection of the 
deviations in mRNA levels provides an informative target for 
cancer diagnostics. Establishing a gene pro?le, hoWever, 
requires the quanti?cation of from about 10 to about 30 genes, 
Which quanti?cation, in turn, is most e?iciently accom 
plished by the use of an array of multiple sensors. 
[0006] Existing devices for performing such analyses have 
certain drawbacks, and often require the use of large, complex 
devices, including cameras, ?uorescence meters, optical 
scanners, and the like. The siZe and complexity of such 
devices renders optical detection techniques ill-suited for use 
in portable devices. 
[0007] Because of the limitations inherent in multiple ana 
lyte detection systems that rely on optical detection, there is a 
need for devices capable of detecting multiple analytes on a 
non-optical basis. There is also a related need for methods of 
fabricating such devices. 

SUMMARY OF THE INVENTION 

[0008] The general description and the folloWing detailed 
description are exemplary and explanatory only and are not 
restrictive of the invention, as de?ned in the appended claims. 
Other aspects of the present invention Will be apparent to 
those skilled in the art in vieW of the detailed description of 
the invention as provided herein. 
[0009] In one aspect, the present invention provides 
devices, comprising: a capillary, Wherein the capillary is 
capable of being electrically addressed; and at least one par 
ticle adjacent to the capillary. 
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[0010] In another aspect, the present invention provides 
devices, comprising: a substrate, Wherein the substrate com 
prises a surface and a plurality of electrodes, Wherein at least 
one of the electrodes is capable of being individually electri 
cally addressed; and at least one particle comprising at least 
one functionality, Wherein at least one particle comprising at 
least one functionality is adjacent to at least one electrode 
capable of being electrically addressed. 
[0011] Further provided are methods, comprising: contact 
ing a plurality of individually addressable and spatially dis 
tributed conductive capture electrodes With a plurality of 
particles dispersed in a carrier medium, Wherein each of the 
particles comprises at least one sensing functionality, at least 
one barcode functionality, or any combination thereof; 
Wherein contacting a conductive capture electrode With the 
plurality of particles dispersed in the carrier medium gives 
rise to at least one particle being positioned adjacent to at least 
one conductive capture electrode by action of capillary 
forces, surface forces, Van der Waals forces, electrokinetic 
forces, electromagnetic forces, or any combination thereof; 
and identifying the spatial location of one or more particles 
positioned adjacent to at least one individually addressable 
and spatially distributed capture electrode. 
[0012] Additionally provided are methods, comprising: 
contacting a ?rst ?uid With a plurality of conductive capture 
electrodes, Wherein at least one of the conductive capture 
electrodes is capable of being individually electrically 
addressed; ?oWing a second ?uid adjacent to the ?rst ?uid, 
Wherein the second ?uid resides betWeen the ?rst ?uid and a 
director electrode and comprises a plurality of particles, 
Wherein each of the particles comprise one or more function 
alities; and applying an electric potential betWeen the director 
electrode and the plurality of conductive capture electrodes so 
as to give rise to at least one particle of the second ?uid being 
positioned adjacent to at least one conductive capture elec 
trode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The summary, as Well as the folloWing detailed 
description, is further understood When read in conjunction 
With the appended draWings. For the purpose of illustrating 
the invention, there are shoWn in the draWings exemplary 
embodiments of the invention; hoWever, the invention is not 
limited to the speci?c methods, compositions, and devices 
disclosed. In addition, the draWings are not necessarily draWn 
to scale. In the draWings: 
[0014] FIG. 1 illustrates the phases of fabricating a nanos 
cale carbon electrodeiFIG. 1(1') depicts a pulled quar‘tZ 
pipette, FIG. 1(ii) depicts carbon deposited Within the pipette, 
and FIG. 1(iii), at (a), illustrates carbon electrode exposed 
after a portion of the quartz pipette is etched aWay; 
[0015] FIG. 2 is an optical micrograph of a nanoelectrode 
suitable for use in the present invention; 
[0016] FIG. 3(1') depicts a cross-section of a 7-barrel quar‘tZ 
capillary With catalyst-laden inner diameters, FIG. 3(ii) 
depicts a 7-electrode carbon pipette after chemical vapor 
deposition of the carbon and etching of the quartz capillary; 
[0017] FIG. 4(1') is an optical micrograph taken over a time 
span of about 2.5 seconds of a carbon nanopipette suitable for 
use in the present invention returning to its original shape 
afterbeing deformed 90° against a hard surface, and FIG. 4(ii) 
is an optical micrograph of a carbon nanopipette penetrating 
a cell membrane; 
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[0018] FIG. 5 depicts the resistance behavior of three dif 
ferent nano-scale carbon capillaries, the inset is a photomi 
crograph of a single carbon capillary; 
[0019] FIG. 6(1') illustrates a particle-tipped probe capped 
by a conductive particle Where the particle acts as an elec 
trode, FIG. 6(ii) illustrates a probe capped by a dielectric 
particle Where the exposed carbon of the probe acts as an 
electrode; 
[0020] FIG. 7 illustrates a particle-tipped 7-electrode probe 
Wherein particles A, B, and C are uniquely functionaliZed; 
[0021] FIG. 8 depicts a holloW nanoscale carbon electrode 
protruding from a glass capillary With an electrical connec 
tion to the carbon electrode maintained by silver epoxy; 
[0022] FIG. 9(1') illustrates an individually-addressed nano 
electrode array for electrochemical detection using a micro 
fabricated planar substrate, and FIG. 9(ii) illustrates a cross 
section of that array, note that electrical connections can be 
fabricated to connect With the conductive electrode lining; 
[0023] FIG. 10 is a schematic illustration of a electrokineti 
cally-directed assembly of particles and electrodes (not to 
scale), in Which particles in a separate dilute suspension are 
spatially separated from electrodes by a clear ?uid, and the 
particles are attracted to the active electrode as the ?uid laden 
With particles ?oWs; 
[0024] FIG. 11(1') illustrates a particle plugging the tip of a 
carbon nanoelectrode, and FIG. 11(ii) is an optical micro 
graph depicting a particle securely plugging the open end of 
a quartz micropipette; and 
[0025] FIG. 12(1') is a schematic illustration of an embodi 
ment of a system of the present invention for electrochemical 
analysis, FIG. 12(ii) is a schematic illustration comprising 
multiple nanoscale carbon electrodes on a single probe. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0026] The present invention may be understood more 
readily by reference to the folloWing detailed description 
taken in connection With the accompanying ?gures and 
examples, Which form a part of this disclosure. It is to be 
understood that this invention is not limited to the speci?c 
devices, methods, applications, conditions or parameters 
described and/ or shoWn herein, and that the terminology used 
herein is for the purpose of describing particular embodi 
ments by Way of example only and is not intended to be 
limiting of the claimed invention. Also, as used in the speci 
?cation including the appended claims, the singular forms 
“a,” “an,” and “the” include the plural, and reference to a 
particular numerical value includes at least that particular 
value, unless the context clearly dictates otherWise. The term 
“plurality”, as used herein, means more than one. When a 
range of values is expressed, another embodiment includes 
from the one particular value and/or to the other particular 
value. Similarly, When values are expressed as approxima 
tions, by use of the antecedent “about,” it Will be understood 
that the particular value forms another embodiment. All 
ranges are inclusive and combinable. 
[0027] It is to be appreciated that certain features of the 
invention Which are, for clarity, described herein in the con 
text of separate embodiments, may also be provided in com 
bination in a single embodiment. Conversely, various features 
of the invention that are, for brevity, described in the context 
of a single embodiment, may also be provided separately or in 
any subcombination. Further, reference to values stated in 
ranges include each and every value Within that range. 

Feb. 3, 2011 

[0028] As employed above and throughout the disclosure, 
the folloWing terms, unless otherWise indicated, shall be 
understood to have the folloWing meanings. 
[0029] Terms 
[0030] “Adjacent” refers to tWo or more entities, such as 
objects, surfaces, or any combination thereof, that reside near, 
next to, or are in contact With each other and are physically, 
electrically, or any combination thereof, and may be affected 
by their proximity to each other. “Directly adjacent” means 
tWo or more objects that are in contact With one another. 

[0031] “Barcode” refers to an aspect or characteristic of an 
object that is capable of assisting With identifying that object 
or identifying that object’s location. 
[0032] “Electrical connection” refers to tWo or more enti 
ties, such as objects, surfaces, or any combination thereof, 
Wherein a change in the electrical characteristics of one or 
more of the entities is capable of affecting or of being detected 
by one or more of the other entities. 
[0033] “Electrode” means an object or site capable of pass 
ing an electrical current or a magnetic ?eld. The term can also 
mean an object or site capable of projecting an electrical 
potential or current or a magnetic ?eld. 

[0034] In one aspect, the present invention provides 
devices, comprising: a capillary, Wherein the capillary is 
capable of being electrically addressed; and at least one par 
ticle adjacent to the capillary. 
[0035] Suitable capillaries comprise conducting materials, 
semiconducting materials, dielectric materials, or any com 
bination thereof. Conductive materials are considered espe 
cially suitable. 
[0036] Suitable capillary materials include carbon, gold, 
silver, platinum, aluminum, copper, nickel, chromium, 
indium, tin, or any combination thereof. Other suitable metals 
Will be knoWn to those of ordinary skill in the art. Electrically 
conductive polymers are also suitable capillary materials. 
[0037] Capillaries produced by the method of Bau, et al., as 
described in US. patent application Ser. No. 11/231,425, 
?led on Sep. 21, 2005, are particularly suitable for the present 
invention. Capillaries made according to that method are 
produced by direct chemical vapor deposition (“CVD”) 
inside a pulled quartz or glass capillary and subsequent etch 
ing of the quartZ or glass tip to expose a predetermined length 
of carbon capillary. FIG. 1 depicts this process: FIG. 1(1') 
depicts a pulled quar‘tZ capillary; FIG. 1(ii) depicts carbon 
that has been deposited by CVD on the inner surface of the 
capillary so as to form a carbon capillary residing Within the 
pulled quartZ capillary. and FIG. 1(iii) depicts the exposed 
carbon capillary after a portion of the quartz capillary has 
been etched aWay. Such a capillary is shoWn in FIG. 2. 
[0038] The technique of Bau, et al., is capable of producing 
multiple carbon capillaries by CVD of carbon into a multi 
barrel quar‘tZ pipette structure, as shoWn in FIGS. 3(1') and 
3(ii). 
[0039] The resulting capillary structures are biocompatible 
and display high ?exibility. As shoWn in FIG. 4, carbon cap 
illaries produced by the method of Bau, et al., are capable of 
bending about 90° and returning to their original shape. Such 
capillaries also, see FIG. 5, exhibit Ohmic resistance from tip 
to tail. 
[0040] Suitable capillaries have lumen diameters in the tens 
of nanometers up to the micrometer range; lumen diameters 
can be in the range of from about 10 nm to about 100 
micrometers, or from about 20 nm to about 50 micrometers. 
The Wall thickness of the capillaries can be in the range of 
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from about 1 nm to about 1000 nm, and are in the range of 
from about 100 to about 500 nm, or in the range of from about 
10 nm to about 50 nm. Wall thicknesses in the range of about 
30 nm are also suitable. 

[0041] In some embodiments, the capillary and at least one 
adjacent particle are in electrical connection With one another. 
It is contemplated that the capillary is capable of detecting a 
signal related to the binding of one or more functionalities of 
the particle to one or more analytes to Which the particle is 
contacted. 
[0042] In other embodiments, the capillary is directly adja 
cent to a particle. An exemplary illustration of a particle 
positioned directly adjacent to a capillary is shoWn in FIGS. 
6(1') and 6(ii), in Which illustrations a particle is shoWn posi 
tioned directly adjacent to a capillary. FIG. 7 depicts multiple 
particles positioned directly adjacent to multiple carbon cap 
illaries. Without being bound to any particular mode of opera 
tion, it is believed that particles seated on the end of a capillary 
are maintained in position by van der Waals forces. 
[0043] It is contemplated that the capillaries and particles 
described herein may be combined so as to form a multi 
plexed device that comprises multiple, bundled capillaries 
sand multiple particles. Such a device is illustrated in FIG. 7, 
Which ?gure depicts a seven-barreled quartz capillary from 
Which seven carbonaceous capillaries extend. 
[0044] Particles suitable for use in the claimed invention 
include conducting materials, semiconducting materials, 
insulating materials, and the like. Particles may also comprise 
a porous material, a nonporous material, or any combination 
thereof. Functionalized particles are available from, for 
example, Bangs Laboratories, Inc. (WWW.bangslabs.com, 
Fisher, Ind., USA). Suitable particles may be purchased com 
mercially and modi?ed by the user or, alternatively, synthe 
sized by the user. Methods of selecting, synthesizing, and 
modifying particles Will be knoWn to those of ordinary skill in 
the art. 

[0045] Suitable particles have a characteristic cross-sec 
tional dimension in the range of from about 20 nm to about 
200 microns, or in the range of from about 500 nm to about 50 
microns. The optimal particle size for a given application Will 
depend on the needs of the user and Will be knoWn to those of 
ordinary skill in the art. The size of a particle is preferably 
chosen such that the particle is capable of seating reliably on 
a capillary or other capture site. 
[0046] Particles suitable for the present invention also 
include one or more functionalities. Suitable functionalities 

include antigens, antibodies, monomers, oligonucleotides, 
nucleic acids, ligands, enzymes, enzyme substrates, oligo 
mers, dyes, ?uorophores, and the like. Particle functionalities 
can be selected based on the analyte or analytes the device 
Will be used to detect, and can be selected based on being 
complementary to the analytes. Particles can also be chosen 
based on size, shape, color, the presence of one or more 
?uorescent dyes of the particle, electrical resistance, or elec 
trochemical properties. As discussed in further detail else 
Where herein, particle functionalities may be used to bind to 
target analytes and may also be used to identify a particle or its 
spatial location. 
[0047] In one exemplary con?guration, the capillary is con 
nected to an electrical device. Suitable electrical devices 
include a meter capable of detecting electrical signals, a cur 
rent source, a sensor, a controller, a computer, or any combi 
nation thereof. As a non-limiting example, a capillary may be 
electrically connected to a detector capable of observing 
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changes in the resistance of the capillary When a particle 
becomes seated on the end of the capillary. Such a detector 
may be connected in turn to a computer capable of tracking 
and processing signals from one or more detectors so as to 
provide information about the positioning of particles across 
an array of capillaries or capture sites. 
[0048] One sample con?guration is illustrated in FIG. 8. 
That ?gure depicts a capillary electrical connection. As 
shoWn in FIG. 8, the electrical connection Wire is maintained 
in contact With the conductive carbon capillary by silver 
epoxy. Other conductive materials knoWn to those of ordinary 
skill in the art can be used to maintain such electrical connec 
tions. A given capillary or capture site may include tWo or 
more electrical connections to the same or different devices, 
depending on the needs of the user. 
[0049] Electrode-particle assemblies can include elec 
trodes adjacently assembled to various particles bearing dif 
ferent functionalities, Which assemblies can be combined to 
form multiplexed devices. Such multiplexed devices are suit 
able for simultaneously detecting multiple analytes, Where 
the analytes are complementary to the functionalities present 
on the particles. Such devices are capable of simultaneously 
detecting the presence of multiple analytes in a given sample. 
Arranging the capillaries in bundled form is considered espe 
cially suitable. 
[0050] Also provided are devices, comprising: a substrate, 
Wherein the substrate comprises a surface and at least one 
electrode, Wherein at least one electrode is capable of being 
individually electrically addressed; and at least one particle 
comprising at least one functionality, Wherein at least one 
particle comprising at least one functionality is adjacent to at 
least one electrode capable of being individually electrically 
addressed. 
[0051] The at least one electrode capable of being electri 
cally addressed is suitably capable of detecting a signal 
related the binding of one or more functionalities of the adja 
cent particle to one or more analytes. Such a signal is prefer 
ably electrical or magnetic in nature, but optical and radioac 
tive signals are also contemplated. 
[0052] Substrates comprise one or more materials capable 
of being shaped or formed. Dielectric materials, conductive 
materials, semiconductive materials, or any combination 
thereof are all considered suitable. Ceramics, polymers, 
alloys, insulated metals, or any combination thereof are suit 
able substrate materials, as are glass, quartz, silicon, alumina, 
tungsten, titanium, and the like. 
[0053] The devices can include at least one electrode 
capable of being individually electrically addressed, adjacent 
to an indentation, cup, a boWl, a divot, a cavity, a disk, a stripe, 
a bump, or any combination thereof. Without being bound to 
any particular theory of operation, it is believed that position 
ing the electrode adjacent to a feature capable of accommo 
dating one or more particles Will alloW for reliable positioning 
of particles relative to electrodes. 
[0054] In some embodiments, at least one electrode 
capable of being individually electrically addressed electrode 
is characterized as recessed relative to the substrate surface or, 
in other embodiments, as being even or ?ush With the sub 
strate surface. In other embodiments, the electrode may pro 
trude above the substrate surface. In some embodiments, at 
least one electrode capable of being individually electrically 
addressed is itself characterized as an indentation, a cup, a 
boWl, a divot, a cavity, a disk, a stripe, a bump, or any com 
bination thereof. Without being bound to any particular mode 
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of operation, it is believed that shaping the electrode in a 
manner that allows the electrode to accommodate one or more 

particle can prevent, at least in part, particles from physically 
separating from adjacent electrodes. 
[0055] In other embodiments, the electrode is a protuber 
ance, a tube, a projection, and the like. The optimal shape of 
an electrode Will be dictated by the needs of the user, and Will 
be apparent to those of ordinary skill in the art. 
[0056] Additional con?gurations include electrodes char 
acteriZed as being in the form of capillaries. Tubular or straW 
shaped electrodes are also suitable. 
[0057] A schematic vieW of the disclosed devices is shoWn 
in FIG. 9. FIG. 9(1') depicts a vieW of a plurality of electrodes 
formed in a microfabricated substrate, Wherein each of the 
electrodes can be individually electrically addressed. Such a 
device can be fabricated by photolithography techniques 
knoWn to those practicing in the art. FIG. 9(ii) depicts a 
cross-section of one embodiment of the invention, Which 
illustrates several individual electrodes directly adjacent to 
functionaliZed particles. Although FIG. 9 depicts electrodes 
as shells plated on the surfaces of holes, the electrodes, as 
described elseWhere herein, may be depressions, indenta 
tions, and the like. 
[0058] Electrodes may be capillaries, having lumens in the 
range of from about 10 nm to about 100 micrometers. Elec 
trodes of other formsisuch as pits, depressions, divots, and 
the likeialso suitably have a cross-sectional dimension in 
the range of from about 10 nm to about 100 micrometers. The 
dimensions of suitable particles are described elseWhere 
herein. 
[0059] At least one electrode capable of being individually 
electrically addressed can include an electrical connection to 
a meter capable of detecting electrical signals, a current 
source, a controller, a computer, and the like. 
[0060] In suitable embodiments, at least one electrode is 
capable of applying a current, an electric potential, a mag 
netic ?eld, or any combination thereof. In some con?gura 
tions, at least one electrode is capable of applying an alter 
nating current, a direct current, a variable current, or any 
combination thereof. 
[0061] In other embodiments, an electrode of the device is 
capable of applying a constant electric potential, an altemat 
ing electric potential, a variable electric potential, or any 
combination thereof. Similarly, electrodes are suitably 
capable of applying a constant magnetic ?eld, a variable 
magnetic ?eld, or any combination thereof. 
[0062] Some embodiments include at least one particle 
comprising at least one functionality in electrical connection 
With at least one electrode capable of being electrically 
addressed. Suitable particles and functionalities are described 
elseWhere herein. As described elseWhere herein, devices 
may be assembled, at least in part, by applying a particular 
?eld or potential so as to direct particles bearing particular 
functionalities to particular locations. 
[0063] Multiple electrode-particle assemblies, like those 
depicted in FIG. 9, can be used as multiplexed detector 
devices. Such multiplexed devices are suitable for simulta 
neously detecting multiple analytes, Where the analytes are 
complementary to the functionalities present on the particles. 
[0064] Also disclosed are methods for assembling devices, 
comprising: contacting a plurality of individually addressable 
and spatially distributed conductive capture electrodes With a 
plurality of particles dispersed in a carrier medium, Wherein 
each of the particles comprises at least one sensing function 
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ality, at least one barcode functionality, or any combination 
thereof; Wherein contacting a conductive capture electrode 
With the plurality of particles dispersed in the carrier medium 
gives rise to at least one particle being positioned adjacent to 
at least one conductive capture electrode by action of capil 
lary forces, surface forces, Van der Waals forces, electroki 
netic forces, magnetic forces, selectromagnetic forces, or any 
combination thereof; and identifying the spatial location of 
one or more particles positioned adjacent to at least one 
individually addressable and spatially distributed capture 
electrode. 

[0065] In some embodiments, one or more particles posi 
tioned adjacent to at least one conductive capture electrode 
are in electrical connection With at least one conductive cap 
ture electrode. 

[0066] A conductive capture electrodes can comprise a cap 
illary. Suitable capillaries and their dimensions are described 
elseWhere herein, and may be fabricated by the methods of 
Bau, et al. The capillary is in electrical connection With a 
current source, a current meter, a voltage source, a voltage 
reader, a controller, a computer, a sensor, or any combination 
thereof. 

[0067] The plurality of individually addressable and spa 
tially distributed capture electrodes can comprise a substrate, 
Wherein the substrate comprises one or more electrically con 
ductive and individually electrically addressable sites acting 
as electrodes. Suitable forms and shapes for such sites are 
described elseWhere herein. In such embodiments, at least 
one of the electrically conductive sites is in electrical connec 
tion With a current source, a current meter, a voltage source, a 

voltage meter, a computer, a sensor, a controller, or any com 
bination thereof. 

[0068] Suitable particles are described elseWhere herein. 
Sensing functionalities comprise ligands, nucleic acids, 
enZymes, enzyme substrates, antibodies, oligonucleotides, 
antigens, oligomers, and the like. 
[0069] Barcode functionalities can include physical char 
acteristics that distinguish betWeen particles, such as particle 
siZe, particle color, intensity of one or more ?uorescent dyes 
of the particle, particle shape, particle electrical resistance, 
particle dielectric properties, particle magnetic properties, 
particle electrochemical properties, color of ?uorescent dye 
of the particle, and the like. 
[0070] Barcode functionalities also include biological 
functionalities such as ligands, nucleic acids, enZymes, 
enZyme substrates, antibodies, oligonucleotides, antigens, 
oligomers, and the like. 
[0071] Contacting the electrodes With the particles can 
include the application of a potential or an external ?eld, 
Which include electrical potential, an electrical current, a 
magnetic potential, a pressure gradient, or any combination 
thereof. 

[0072] The frequency of the ?eld or potential is constant or 
varied. In some embodiments, tWo or more particles are 
affected differently by application of the potential. The par 
ticles may be affected on the basis of their surface charge, 
dielectric properties, or any combination thereof. 

[0073] As a non-limiting example, a mixture of particles 
having different sensitivities to a potential of a particular 
frequency is exposed to that frequency. Under such condi 
tions, the particles having a greater sensitivity to that fre 
quency preferentially migrate along the direction of that 
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potential toward capture sites, while the particles having a 
lesser sensitivity to that frequency remain essentially station 
ary. 
[0074] In some embodiments, contacting the capillaries or 
capture sites with the particles gives rise to a change in a 
measurable quantity, which quantity is an electrical potential, 
an electrical current, a magnetic property, a dielectric prop 
erty, a pressure, and the like. The change in a measurable 
quantity is suitably monitored and interpreted so as to provide 
information regarding the status of a particular capillary or 
capture site or electrode. As an example, a change in the 
dielectric property of a capture site indicates that one or more 
particles have become positioned adjacent to that site. Like 
wise, a change in the electrical resistance or capacitance of a 
capture site can also indicate that a particle has positioned 
adjacent to the site. 
[0075] In some con?gurations, identifying the location of 
one or more particles adjacent to one or more conductive 

capture electrodes comprises: contacting the one or more 
particles positioned adjacent to at least one capture electrode 
with at least one reduction-oxidation effector species, 
wherein the reduction-oxidation effector species has a known 
reduction-oxidation potential; and monitoring one or more 
evolved threshold potentials necessary for reduction and oxi 
dation reactions to take place. In these con?gurations, the 
threshold potential of the one or more particles positioned 
adjacent to at least one capture electrode is known and is 
compared to the evolved threshold potential affected by con 
tacting the particles with the reduction-oxidation effector 
species. By comparing the evolved potential of electrode 
adjacent particles of different known threshold potentials to 
the evolved potential at given electrode-adj acent particle, it is 
then determined which particle is adjacent to which electrode. 
By ensuring particles made of different materials also bear 
different functionalities, identifying the location of particular 
particles at particular electrodes in turn identi?es which func 
tionalities are present at those electrodes. 
[0076] Identifying the spatial location of the one or more 
particles positioned adjacent to one or more conductive cap 
ture electrodes can include: contacting the one or more par 
ticles with a plurality of identi?er agents, wherein at least one 
of the identi?er agents is capable of binding uniquely to a 
particular type of barcode functionality; and monitoring one 
or more signals arising from the binding of at least one iden 
ti?er agent to at least one barcode functionality. Suitable 
identi?er agents comprise ligands, nucleic acids, enZymes, 
enZyme substrates, antibodies, antigens, oligomers, dyes, 
?urophores, oligonucleotides, or any combination thereof. 
Identi?er agents are complementary to particle barcode func 
tionalities, described elsewhere herein. The signals provided 
by these embodiments include an electrical signal, an optical 
signal, a magnetic signal, an electrochemical signal, a radio 
active signal, or any combination thereof. 

[0077] Identifying the spatial location of the particles can 
further comprise monitoring the voltage, current, impedence, 
resistance, or any combination thereof of the one or more 
particles adjacent to one or more conductive capture elec 
trodes before, during, or after the binding of the identi?er 
agent to the barcode functionality, so as to identify the spatial 
location of the one or more particles positioned adjacent to 
one or more conductive capture electrodes. 

[0078] In other con?gurations, various types of identi?er 
molecules, one type at a time, are brought into contact with 
particles adjacent to the conductive capture electrodes. By 
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monitoring, on an electrode-by-electrode basis, the signals 
evolved from the interactions of identi?er agents and the 
barcode functionalities of particles adjacent to electrodes, the 
locations of particular particles bearing particular barcode 
functionalities and particular sensing functionalities are 
determined. By knowing a priori which sensing functional 
ities and which barcode functionalities are present on particu 
lar particles, the spatial locations of particles bearing particu 
lar sensing functionalities may then be determined. 
[0079] Where barcode functionalities comprise one or 
more physical characteristics of a particle, including particle 
siZe, particle color, the intensity of one or more ?uorescent 
dyes of the particle, particle shape, particle electrical resis 
tance, and particle electrochemical properties, the spatial 
locations of particles are determined by monitoring, on an 
electrode-by-electrode basis, electrical or optical signals 
evolved from the particles adjacent to electrodes. By a priori 
knowing the sensing functionalities of particular particles of 
particular barcode physical characteristics, the spatial loca 
tions of particles bearing particular sensing functionalities is 
then determined. 
[0080] As one example, beads that are complementary to 
analyte A might bear a red ?uorescent molecules, whereas 
beads that are complementary to analyte B might bear a green 
?uorescent molecules. In such an embodiment, once the 
beads are attached or proximate to capillaries or capture sites, 
the entire device may be ?uorescently interrogated so as to 
determine the locations of those beadsiand associated cap 
ture sitesithat are complementary to analyte A (i.e., those 
beads that display a red ?uorescence) and those that are 
complementary to analyte B. (i.e., those beads that display a 
green ?uorescence). Once such a map of bead locations is 
generated, the device may then be contacted to an analyte 
containing sample, and the presence of particular analytes 
may be determined by monitoring particular capture sites 
known to be associated with beads complementary to the 
analytes. 
[0081] As will be apparent to those of ordinary skill in the 
art, there are innumerable permutations of barcode markers 
and functionalities that may be used on beads. By careful 
design, the user may assemble a broad library of particles 
bearing identifying functionalities, thus enabling the assem 
bly of detector devices that may be customiZed to detect any 
number of targets or analytes. 
[0082] It is envisioned that the plurality of electrodes is 
suitable for use as a multiplexed device capable of simulta 
neously detecting multiple analytes, wherein the analytes are 
complementary to the sensing functionalities present on par 
ticles in known spatial locations. 
[0083] The disclosed inventions also include devices made 
according to the disclosed methods. Such a device is used as 
a probe, a sensor, a detector for a single analyte, a detector for 
multiple analytes, or any combination thereof. Such devices 
also include electronic, optoelectronic, or electromechanical 
devices, and the like. 
[0084] Further provided are methods for assembling 
devices, comprising: contacting a ?rst ?uid with a plurality of 
conductive capture electrodes, wherein at least one of the 
conductive capture electrodes is capable of being individually 
electrically addressed; ?owing a second ?uid adjacent to the 
?rst ?uid, wherein the second ?uid resides between the ?rst 
?uid and a director electrode and comprises a plurality of 
particles, wherein each of the particles comprise one or more 
functionalities; and applying an electric potential between the 
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director electrode and the plurality of conductive capture 
electrodes so as to give rise to at least one particle of the 
second ?uid being positioned adjacent to at least one conduc 
tive capture electrode. 
[0085] It is contemplated that one or more particles of the 
second ?uid positioned adjacent to at least one conductive 
capture electrode induce one or more electrical signals in at 
least one conductive capture electrode. Without being bound 
by any particular theory of operation, it is believed that the 
one or more particles positioned adjacent to at least one 
conductive capture electrode are maintained in position by 
capillary forces, surface forces, Van der Waals forces, elec 
trostatic forces, electromagnetic forces, magnetic forces, 
chemical bonds, or any combination thereof. 
[0086] Suitable conductive capture electrodes include cap 
illaries. Suitable capillaries are described elseWhere herein. 
[0087] In other embodiments, at least one conductive cap 
ture electrode is adjacent to an indentation, a boWl, a cup, a 
disk, a ring, a cylinder, a disk, a strip, or any combination 
thereof, or, in still other embodiments, at least one conductive 
capture electrode is directly adjacent to an indentation, a 
boWl, a cup, a disk, a ring, a cylinder, a disk, a strip, or any 
combination thereof. 
[0088] At least one conductive capture electrode is in elec 
trical connection With a current source, a meter capable of 
detecting an electrical signal, a computer, a controller, a sen 
sor, or any combination thereof. 

[0089] The method contemplates that the ?rst ?uid, second 
?uid, or both, ?oW relative to the plurality of conductive 
capture electrodes. The ?rst and second ?uid ?oWs can be 
laminar, and are preferably characterized by loW particle 
based Reynolds numbers; suchparticle-based Reynolds num 
bers are less than about 1, or even less than about 0.1. 
[0090] The ?rst and second ?uid layers can be character 
iZed as having a thickness in the range of from about 50 
microns to about 200 microns, or in the range of from about 
100 to about 150 microns. 
[0091] Suitable potentials include a DC electric ?eld, an 
alternating electric ?eld, a magnetic ?eld, a pressure gradient, 
and the like. 
[0092] The electrical potential is suitably less than about 5 
volts, but other magnitudes may be suitable, depending on the 
user’s needs and design constraints. In some embodiments, 
the electrical potential is periodic, irregular, or both. It is 
envisioned that the frequency of a potential ranges from about 
1 to about 10 MHZ. 
[0093] Suitable particles and functionalities are described 
elseWhere herein. 
[0094] The parameters of the ?rst and second ?uid ?oWs 
and the siZes of the particles are each selected such that the 
positioning of the particles is governed by the electric poten 
tial and not governed by particle diffusion. 
[0095] The method also includes monitoring one or more 
signals of the capture electrode While the electrode is in 
contact With the ?rst and second ?uids. These signals vary 
according to the position of the one or more particles relative 
to the conductive capture electrode. In some con?gurations, 
the signal may be a signal present only When a particle is 
adjacent to an electrode. Suitable signals include electrical 
signals, optical signals, mechanical signals, or any combina 
tion thereof. 
[0096] The method further comprises terminating the 
potential to an individual electrode When the signal indicates 
at least one particle is positioned adjacent to at least one 
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conductive capture electrode. The signal can include a change 
in resistance, in impedance, in optical intensity, in optical 
Wavelength, or any combination thereof. The potential can be 
terminated so as to avoid the formation of a chain or particles. 

[0097] Potentials may also include DC electric potential, an 
AC electric potential, a magnetic ?eld, pressure ?eld, or any 
combination thereof. The frequency of the potential may be 
varied. 
[0098] The methods contemplate that one or more particles 
may be motivated on the basis of the electric charge of the 
particles. Particles are also motivated, in some embodiments, 
on the basis of a dielectric property of one or more of the 
particles, or even on the basis of a magnetic property of the 
one or more particles. 

[0099] The disclosed methods further include changing the 
position of one or more positioned particles, Which is accom 
plished by applying an electrical, magnetic, electromagnetic, 
or mechanical potential to the one or more positioned par 
ticles. Hence, in some embodiments, particles that have pre 
viously been positioned atop a capillary or adjacent to a 
capture site are then dislodged from that location by applica 
tion of a potential. This enables the re-use of the capillaries or 
captures sites With a different set of beads, in turn enabling the 
construction of a broad range of detection devices, limited 
only by the functionalities contained Within a given user’s 
library of beads. 
[0100] It is contemplated that the positioning of a particle 
adjacent to at least one conductive capture electrode gives rise 
to a change in a measurable quantity, Which measurable quan 
tity includes and electrical potential, an electrical current, a 
magnetic property, a dielectric property, a pressure, or any 
combination thereof. As discussed elseWhere herein, the 
change in a measurable quantity is suitably monitored and 
interpreted so as to provide information regarding the status 
of a particular capillary or capture site or electrode. 
[0101] Also provided are devices made according to the 
method, Wherein the devices are used as probes, sensors, 
detectors, or any combination thereof. Such devices can be 
electronic, optoelectronic, or electromechanical devices, or 
any combination thereof. 
[0102] A depiction of the disclosed methods is shoWn in 
FIG. 10. The electric potential is applied betWeen a knoWn, 
active, conductive capture electrode and the large surface 
director electrode so as to motivate particle migration only to 
the active electrode. By introducing populations of particles 
bearing different, knoWn functionalities one population at 
time and then activating knoWn electrodes, a device is 
assembled Wherein it is knoWn Which functionalities are 
present on speci?c particles on speci?c electrodes. Such 
devices are suitable for multiplexed detection of analytes 
complementary to the functionalities present on the particles 
adjacent to the individually electrically addressed electrodes. 

EXAMPLES 

Example 1 

[0103] A carbon nano-capillary Was brought into a contact 
With a dilute solution of suspended nanopar‘ticles With diam 
eters slightly larger than the inner diameter of the carbon 
capillary. The solution penetrated the carbon capillary by 
capillary suction and a particle locked into place by Van der 
Waals forces, as depicted in FIG. 11(1') (schematic vieW) and 
FIG. 11(ii) (actual image of particleia magnetic beadi 
locked into place). Rigorous Washings failed to detach the 
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particle. Subsequently, the solvent trapped inside the bore of 
the carbon capillary evaporated. It Was determined that either 
conducting or dielectric particles Were suitable for this appli 
cation. The process is applicable to mounting particles 
adorned With appropriate functionalities, e.g., ligands, anti 
bodies or oligonucleotides. 

Example 2 

[0104] One method of fabricating the sensing devices of the 
instant invention is the directed assembly method. This 
method permits the positioning of particular particles adja 
cent or directly adjacent to particular electrodes, and elimi 
nates the need for post-attachment analysis to determine 
Which particles are adjacent to Which electrodes. 
[0105] The directed assembly can be performed using 
dielectrophoresis. To perform directed assembly, an electrode 
probe, such as a nano-scale capillary, is brought into contact 
With a dilute suspension of particles. A director electrode is 
then positioned opposite the electrode probe, and an altemat 
ing (AC) potential difference is applied betWeen the nano 
scale capillary and the director electrode. In the presence of 
the resulting, non-uniform electric ?eld, one or more particles 
polarize and migrate toWards the location of the maximum 
?eld intensity, at the opening of the nano-scale capillary. After 
the particle migrates to the nano-scale capillary, the particle 
locks into position by surface forces, as depicted in FIG. 11(1') 
and FIG. 11(ii). 
[0106] Measures can be taken to prevent particles from 
reaching non-active electrodes by diffusion. To prevent dif 
fusion-effected transport of particles, a micro?uidic device, 
as shoWn in FIG. 10, is assembled. As shoWn, the device 
comprises a micro-conduit through Which tWo ?uid streams 
?oW. The loWer of the tWo streams is loaded With a loW 
concentration of particles, and the upper of the tWo streams 
consists of particle-free ?uid. A set of nano-scale capillaries is 
then contacted With the clear ?uid, and due to the particles’ 
loW diffusivity and the laminar nature of the ?uid ?oWs, the 
particles do not migrate by themselves into the clear ?uid. 
After the electric ?eld is applied, one or more particles are 
attracted speci?cally to the activated electrode or electrodes. 
[0107] The particle’s attachment or positioning adjacent to 
an electrode is in turn sensed as an electrical signal. This 
signal opens the circuit that actuates the particular capillary to 
Which the particle has attached. Deactivating the capillary in 
turn prevents one attachedparticle from acting as an electrode 
that attracts additional particles, and eliminates the possibil 
ity of chain formation. This method alloWs direction of a 
particle of knoWn functionalization to a target capillary elec 
trode and eliminates the need for subsequent registration 
(identi?cation) of the particles. 
[0108] After the particle attaches to the capillary, the elec 
trochemical characteristics of the capillary electrode-particle 
assembly are examined With a standard bench-top electro 
chemical analyzer, such as the potentiostat and associated 
electronics of the Epsilon benchtop electrochemical analyzer 
(BASi, Co.). See FIG. 12. 
[0109] Identifying the particle through its electrochemical 
characteristics is also feasible. In one case, the particle’s 
material is used as a barcode to identify a particle attached to 
an electrode. To this end, a particle-electrode assembly is 
inserted into an electrolyte solution containing reduction 
oxidation species. The threshold potentials needed for reduc 
tion and oxidization reactions are measured and then corre 
lated With the potentials knoWn for the particle’s material, 
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thus identifying Which particle has attached to Which elec 
trode in an array of electrodes. Particles made from various 
alloys and pure materials can be used. 

Example 3 

[0110] To characterize the electrochemical behavior of the 
particle-electrode sensors, the contact resistance betWeen the 
functionalized particle and the carbon nanopipe and the over 
all resistance of the particle-tipped electrode is measured. The 
using the probe for electrochemical detection is tested by 
using a sandWich assay to detect various concentrations of 
avidin in solution. The micro?uidic cell of Example 2 is 
exposed to ?oW of avidin solution at various dilutions. Sub 
sequently, the sensor is then Washed and the solution is 
replaced With biotinated enzyme. The biotin-enzyme com 
plex then binds to the immobilized avidin. After a rigorous 
Wash, a substrate to be processed by the enzyme is ?oWed 
across the bound enzyme complex, and the resulting electric 
current is detected. Such experiments establish the correla 
tion betWeen signal amplitude and analyte concentration. The 
experiments also provide an estimate of the sensitivity and 
detection limits of the sensor. 

Example 4 

[0111] To examine the multiplexing methods developed to 
perform multiple electrochemical measurements in a solu 
tion, nanoscale carbon multi-electrodes are formed by depos 
iting carbon inside multi-barrel quartz micropipette sub 
strates so as to form multiple carbon capillary electrodes. See 
FIG. 3(1') and FIG. 3(ii). Seven-barrel capillary tubes (1 mm 
OD, Sutter Co.) pre?lled With iron catalyst can be used as the 
electrode-forming pipette template. 
[0112] After undergoing a CVD process, the quartz is 
removed by Wet-etching to expose the carbon tubes formed 
on their quartz tubes’ inner diameters. Seven independent 
Wires are attached With silver conductive epoxy to the tail end 
of each pipette probe to make electrical connections for elec 
trochemical analysis. 
[0113] After the carbon tubes are exposed, they are con 
tacted With a dilute suspension of differently functionalized 
nanoparticles. The particles are positioned in place using the 
directed assembly methods described in Example 1 to posi 
tion selected particles at the desired electrodes. 
[0114] FolloWing assembly of particles to electrodes, the 
particle-tipped electrodes are submerged in an aqueous solu 
tion containing anti-A, anti-B, and anti-C antibodies as 
shoWn in FIG. 7. A LabvieW-controlled multiplexing system 
sWitches the Working electrode signals as the potentiostat and 
associated electronics of the Epsilon benchtop electrochemi 
cal analyzer scan and record electrochemical measurements. 
See FIG. 12. Differences in current traces are compared and 
analyzed to determine the detection of different analytes. 

Example 4 

[0115] A bundle of capillaries is contacted With a ?uid 
comprising tWo different types of beads, each kind of bead (1) 
bearing a particular functionality that is uniquely comple 
mentary to a speci?c target and (2) each kind of being com 
prised of a material With a different set of dielectric properties 
that render that bead uniquely sensitive to a particular fre 
quency of electricity. 
[0116] By applying an electric ?eld or current of a particu 
lar frequency, only those beads that react to such a frequency 








